comparant les knergies de transition des diffkrentes migrations ioniques dans les sous-rkseaux, on a pu ktablir les pareours possibles de diffusion des ions. Les valeurs des bnergies de dissolution calculbes pour MgO et CaO impliquent que ces oxydes aient une faible solubilitk dans le grenat.
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The properties of crystalline matter, such as functional or structural ceramics, are, to a large extent, determined by the presence of ionic defects. In recent years there has been a considerable success in the calculation of defect formation energies, ionic migration energies, redox energies, etc., in ionic crystals (e.g. A1203,1'2 MgO, 3 Fe203, 4 TiO2,: BaTiO3, 5 La2CuO46). The present study reports an application of these methods to the garnet Y3AIsO12, yttrium aluminium garnet (YAG). Single-crystalline YAG has been well known as a host material for laser-emitting ions since 1964. 7 Later in the 1970s it was found that YAG powders can be sintered to translucency, s'9 Experiments performed in the 1980s revealed that translucent YAG ceramics have a better corrosion resistance against hot alkali vapour than translucent alumina. to This makes YAG a candidate material to produce high-pressure sodium lamp envelopes. Furthermore the optical transmittance and the mechanical properties of YAG are better than those of translucent alumina. In this paper studies on the transport properties and defect chemistry of YAG ceramics ~'a2 are continued, by performing Mott-Littleton defect calculations available in the CASCADE computer code.X 3 Point defect formation energies, the energetics of redox processes, solution enthalpies for CaO and MgO in YAG, the energetics of defect clustering and saddle point energies for elementary diffusion steps in the YAG lattice will be discussed.
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Simulation Methods
The static lattice simulation technique (which refers to methods that do not take into account directly the thermal motion of the crystal lattice) used in this paper makes use of the generalized Mott-Littleton method available in the computer code CASCADE. ~4'15 For ionic materials the the6ry of lattice defects is largely concerned with two main problems:
(1) The derivation ofsuitableinteratomic potentials (in strongly ionic crystals two body potentials are generally adequate). (2) The treatment of the lattice relaxation around a lattice defect.
For the first of these problems, there are two different approaches. One involves the use of Born-Mayer or Buckingham potentials which are parameterized empirically by fitting the calculated perfect lattice properties, such as lattice energy, dielectric and elastic constants, to experimental values. The Buckingham potential is given by
where r is the distance between a pair of ions. The parameters A, p and C must be assigned for each probable ion-ion interaction. By this procedure empirical short-range potentials are obtained; they are used here. Three potentials for the undoped YAG were thought to be necessary to describe fully the system: Y3+---O2-, AI3+~O 2-and an 02--02-potential. Cation-cation interactions were neglected as it was thought that the distance involved meant that this interaction is negligible for this structure. Note that all short range potentials were cut-off (i.e. set to zero) for distances larger than 0"6a (a = lattice parameter). Table 1 gives the potential parameters for the perfect lattice simulation and the shell parameters. The small ions A1 and Mg are considered to be unpolarizable, while the other ions are treated as polarizable. The polarizability in terms of the coreshell model is introduced by a spring constant K ÷ which characterizes the coupling between the core and the massless shell. The potential parameters used in this study are reported in Refs 1 and 5.
Results
Properties of the perfect YAG lattice
The calculated dielectric and elastic constants which were derived by the standard procedure available in the PLUTO subroutine 21 are given in Table 2 . The values are presented for YAG and for A120 3 for the sake of comparison (A120 3 is a relatively simply structured material, for which extensive simulation data are available~'2).
Calculated perfect lattice data for YAG given in Table 2 are sufficiently close to the experimental values to demonstrate the reliability of the potentials used.
Basic point defect formation energies
The basic defect reactions are the formation of simple point defects. In this section the formation energies of cation and anion vacancies and interstitials are considered; the calculated values are given in Table 3 .
From single point defect formation energies a first approximation to the Schottky and Frenkel energies can be derived. Taking the vacancy formation energies for yttrium, aluminium (on the a-and dsites) and oxygen leads to a Schottky energy (to form a complete Schottky multiplet) of 106.3eV (10 257 kJ/mol),? which gives 5.32eV per defect (513kJ/mol). The energy per defect to form a Frenkel pair lies between 7 and 10eV (675 and 965kJ/mol; see Table 4 ). Here the energies of isolated defects are taken into account; to consider obtainable physical processes further work is necessary.
However, the calculations indicate that Schottky t The Schottky energy is the energy necessary to remove a complete formula unit YAG from the crystal interior (the sum of the defect formation energies minus the lattice energy). 
Foreign cations in YAG
The properties of crystalline materials are strongly influenced by the presence of impurities. These ions occupy specific sites depending on their radius. Ca 2 ÷ and Mg 2+ both are thought to occupy c-sites. The energies for replacing an Y ion by a Mg 2÷ and a Ca 2÷ ion are 18.3eV (1766kJ/mol) and 23.0 eV (2219 kJ/mol) respectively (see Table 3 ). It is noted that these energies refer to processes with respect to ions at infinity. Thus for Ca-substitution the calculated energy refers to the process 
in which Y203 refers to yttrium oxide on the surface of the crystal. So, to calculate the energetics of the reaction given in eqn (2), the lattice energies for CaO, MgO and Y203 are needed, as well as the point defect formation energies. The lattice energies for CaO and MgO were previously calculated, applying the same potentials as used in the present study, as 36.0 eV (3474 kJ/mol) and 40.74 eV (3931 kJ/mol). 2s For Y203 the lattice energy is calculated to be 135.5eV (13 074 kJ/mol). The solution enthalpy Eca(sol) for CaO in YAG was calculated by taking the defect formation energies given in 
Clustering effects
In a crystal lattice which is doped with aliovalent ions clustering of defects may occur, since defects carrying opposite charges attract each other. Thus positively charged oxygen vacancies V o" and negatively charged substitutionals Ca~, or Mg~, can interact by forming stabilized defect clusters:
and
The defect cluster (V o" Ca~,)', carrying a positive charge, has an association energy of 1 eV, while the v ** ! X neutral defect trimer (Car Vo Car) is bound by an energy of 1.7 eV. The direct effect of such defect clustering is a reduction of the concentration of free oxygen vacancies; the V o" concentration is lowered by the amount which is bound by the Ca~, (or Mg~,). Defect clustering will also result in more negative solution energies.
Energies of oxidation and reduction
Following the discussion of electronic disorder in YAG, which was recently published as a part of a more comprehensive paper on an experimental investigation of the defect chemistry of doped YAG,12 it is appropriate now to consider calculated energies of oxidation and reduction, as these control the level of non-stoichiometry in the oxides. The processes concerned are O x ~-:-V o" + 1/202 -t-2e' (Erea) (6) which is the equilibration of YAG at low oxygen partial pressure, and 1/20 2 + V o" ~ ~ Oo ~ + 2 h" (Eox)
which represents the hole formation in YAG doped with low valence ions, which was investigated experimentally in a previous study. 12 This reaction is the most probable one. E,~o and Eox are oxidation and reduction energies respectively. Both holes and electrons are treated in terms of the small polaron model. It is assumed that the electron is located on a lattice aluminium ion and the lattice distorts around the centre, i.e. the following reaction is assumed for the electron formation AI~, + e' ~ : AI~,, (E~)
The polaron formation energy E~ can be derived by combining the energy calculated for replacing A13 + by AI 2+ (31-6eV; 3049kJ/mol) with the third ionization potential of A1 (28.53 eV; 2753 kJ/mol), z6
Thus for E e an energy of 3-07 eV (296 kJ/mol) is obtained. The reduction energy Er~ a, which is a combination of eqn (6) and eqn (8), symbolized by eqn (6a) associate is stabilized by 0.31 eV, so the redox energy is altered by this amount. The energy is rather high, suggesting that divalent doped YAG will resist oxidation and be only a poor p-type semiconductor.
is given by Ered = E(Vo') -1/2Eoiss + E12 + 2Ee = 18.63eV (1800kJ/mol) (9) where E(V'o" ) is the oxygen vacancy formation energy, EDiss the dissociation energy for 0 2 (5.16 eV; 498 kJ/mol), E12 the sum of the first two electron affinities of oxygen ( -7.28 eV; -702 kJ/mol) z7 and E~ the polaron formation energy estimated previously. This result, giving a high energy for the reduction, confirms that it is not possible to reduce YAG significantly. If, however, YAG doped with divalent ions, e.g. Ca 2 + or Mg 2+ to create oxygen vacancies (see eqn (7)) is considered, the oxidation energy Eox can be calculated following eqn (11) . The released holes are again treated in terms of the formation of small polarons according to the reaction
with E h the polaron formation energy.
The energy E(O'o) for replacing O~ by O' o was calculated to be 18.6eV (1795kJ/mol) per defect. This energy has to be combined with the second electron affinity of oxygen ( -8"75 eV; -844 k J/tool) to obtain the polaron formation energy E h = 9.85 eV (950 kJ/mol). The energy for the oxidation reaction Eox, given by a combination ofeqn (7) and eqn (10) , is Eox = --E(Vo') + 1/2ED~ss -E12 + 2Eh = 7"2eV (695kJ/mol) (11) For the doped material a clustering of defects t ! X leading to (Car Oo) has to be considered. Such an
Saddle point energies
Saddle point energies were calculated for ions jumping from regular lattice sites to adjacent vacant sites. These represent the activation energy for a single ion diffusion step (as given in Fig. 1 ). Recent studies on several materials revealed that transition states for jumping ions can have large displacements out of the plane of the adjacent lattice sites. 28
Migrating oxygen ions
To investigate the saddle point energy and the saddle point displacement for jumping oxygen ions the energy of the transition state for an oxygen ion jumping from an h-site to a vacant h-site on the same tetrahedron following a straight line (see Fig. 2 ) was calculated. This energy was found to be 2-09eV (202 kJ/mol). Considering the position of the regular ions in the region of the lattice surrounding the initial and the final positions of the migrating oxygen ion makes clear that the migration path is influenced by the charged lattice ions. The jump along a straight line, as indicated in Fig. 2 , is not the path with the lowest 'AI TETRAH EDRON Fig. 2 . Simple geometry for an oxygen ion jumping from a regular site 1 to vacant site 3 on a tetrahedron. Point 4 marks the saddle point for a straight line jump (for the sake of clarity the ionic radii are not drawn to scale). transition energy; a somewhat curved jump geometry is expected. In order to find this path the saddle point energies of about 50 slightly different positions of the transition point located between the initial and the final position were then calculated. This resulted in a curved jump path with a calculated activation energy of 1-5 eV (145 kJ/mol). The saddle point is displaced 0.2 ,~ in the y-direction and 0.2 A in the zdirection, as depicted in Fig. 3 . Thus there is a considerable saddle point displacement for jumping oxygen ions in YAG, which is in agreement with simulation results for other crystalline materials. 28 By considering the polyhedral model of the garnet structure (a network of tetrahedra and octahedra connected with each other) it becomes clear that within the garnet lattice different anion jumps with different saddle point energies are possible; some of these jumps are marked in the projection of a part of the unit cell of the garnet lattice in Fig. 4 . The calculated saddle point energies for migration along a straight line are given in Table 5 . Again a curved migration path having a somewhat lower transition energy than the straight line jump has to be considered. It seems to be justified to assume a transition energy which is about 10-20% lower for the curved than for the straight jump. From a consideration of the crystal structure (a three-dimensional model of the garnet lattice should be used) it can be deduced that a combination of jump 2 and jump 4 is sufficient to find a continuous, low energy path for migrating oxygen ions through the YAG lattice. Jump 2 corresponds to migration between tetrahedra (via empty b-sites, within the garnet structure, which have the lowest transition energy found). Jump 4 is the migration along an octahedron. The activation energy for the migrating oxygen ion should be determined by the higher of both saddle point energies. This leads to activation energies for migrating oxygen ions of approximately 1-5 eV (145 kJ/mol), which is somewhat lower than the activation energy of 2.3eV (222kJ/mol) and 2-1 eV (203 kJ/mol) for ionic migration reported by Rotman et al. 29 and Schuh 3° for YAG derived from electrical conductivity measurements.
Migrating Al ions
The possible jumps for A1 ions are more difficult to study than those for oxygen. A moving AI ion migrating from a lattice position to an adjacent vacant position has to follow a 'wavy' line; the distance between two A1 ions is much longer than the distance between two adjacent O ions. An AI jump from a tetrahedral to an adjacent octahedral site was investigated by checking the energy of an Ali... at 20 different positions in the space between the initial and the final position. The saddle point energy for a migrating A1 ion was found to be not lower than 3.5 eV (338 kJ/mol). R6schmann derived, by considering the redistribution energy for iron ions between the tetrahedral and octahedral positions in iron garnets, a saddle point energy of 4.5 eV (405 kJ/mol). 31
The results on the saddle point energies for aluminium and oxygen jumps indicate that oxygen should exhibit a higher mobility in the YAG lattice than A1 ions. The same result followed from diffusion and electrical conductivity experiments performed on pure single crystalline YAG. 24'32 However, it should be noted that in a recent study it has been shown that the transport properties of polycrystalline YAG containing AI/O 3 inclusions are governed by the presence of A1 vacancies. ~2
Conclusion
The authors have applied the technique of computer simulation to derive basic defect properties of YAG. The conclusion of many previous studies that oxygen vacancies are the most probable point defects is supported by our theoretical study; the formation of A1 vacancies needs a much higher energy than the formation of O vacancies, With respect to the calculated energies for isolated defects it may be stated to a first approximation that Schottky defects are easier to form than Frenkel defects. Considerations of realistic physical processes should be performed in the future, By considering saddle point energies the authors have determined a continuous path for a migrating oxygen ion exhibiting an activation energy of approximately l'5eV (145kJ/mol), which is somewhat lower than experimental activation energies for the ionic conductivity due to migrating oxygen ions.
Based on the calculated energy to form Car and Mgv substitutionals the authors have derived the solution enthalpy for CaO and MgO in the YAG lattice to be 239 k J/tool and 243 kJ/mol, respectively, which may explain the low solubility of these oxides in YAG.
Further calculations have shown the association of oppositely charged mobile defect species (clustering) to be energetically favoured. Such effects can reduce the formation energy and enhance the stability of lattice defects.
Finally the authors have calculated the energies of reduction and oxidation reactions in YAG, The redox energies for the processes investigated indicated that YAG will resist both hole and electron creation by redox reactions.
